The impact of s t r u c t u r a l o p t i m i z a t i o n i s growing i n many i n d u s t r i e s due t o economic p r e s s u r e s demanding e f f i c i e n c y i n t h e design process. This e f f i c i e n c y i m p l i e s developing products which a r e c o s t e f f e c t i v e and ahead of t h e c o m p e t i t i o n a t t h e same t i m e .
products which a r e c o s t e f f e c t i v e and ahead of t h e c o m p e t i t i o n a t t h e same t i m e . The motivation of the present work i s t o provide the s t r u c t u r a l d e s i g n e n g i n e e r w i t h t o o l s o f optimization techniques and practices t h a t have been appl ied successful l y t o landing gears.
Modern l a n d i n g g e a r s have t o meet a multitude of landing and ground handling design loads whose magnitudes a r e s e v e r a l t i m e s t h e g r o s s weight of t h e a i r c r a f t . All t h e design l o a d s have t o be i n v e s t i g a t e d and t h e i r e f f e c t on e a c h c o m p o n e n t m u s t be e v a l u a t e d . Furthermore, the response of the landing gears t o a l l t h e design loads must be c o n s t r a i n e d t o s a t i s f y the design requirements while minimizing i t s s t r u c t u r a l weight.
The weight of t h e landing gear i s becoming an ever more important f a c t o r , a s i n e f f i c i e n t d e s i g n can add u n n e c e s s a r y w e i g h t t o t h e a i r c r a f t a n d , consequently, d e c r e a s e t h e payload o r u s e f u l load.
Typical design examples of components of landing gears a r e presented t h a t demonstrate the performance of STARSTRUC a s an e f f e c t i v e weight o p t i m i z a t i o n d e s i g n t o o l . The minimum weight design i s achieved when t h e landing gear i s subjected t o behavior c o n s t r a i n t s on s t r e s s e s , d e f l e c t i o n s , b u c k l i n g , and f r e q u e n c i e s of vibration.
IN THE ENGINEERING DESIGN of a structure, there a r e always two conditions t o be s a t i s f i e d : a) The s t r u c t u r e must perform a given function b) The overall cost should be minimum T r a d i t i o n a l l y , performance i s considered s a t i s f a c t o r y when t h e s t r u c t u r e c a r r i e s t h e imposed loads s a f e l y and generally behaves in an acceptable manner under a1 1 expected conditions. The s t r u c t u r a l behavior i s u s u a l l y determined using t h e f i n i t e element method of a n a l y s i s , which f o r most structures i s not unduly d i f f i c u l t and has been successfully automated.
A t t h e p r e s e n t t i m e , t h e e n g i n e e r i s a l s o becoming concerned about how h i s work r e l a t e s t o i t s environment. I t i s now recognized t h a t i t i s the engineers' r e s p o n s i b i l i t y t o a s c e r t a i n t h a t his creations a r e not only s t r u c t u r a l l y sound and aesthetical l y pleasing, but a l s o environmental ly c o m p a t i b l e .
All t h e s e a s p e c t s s h o u l d be considered necessary conditions f o r s a t i s f a c t o r y performance. As t h e e n g i n e e r i s now l a r g e l y f r e e d from t h e onerous t a s k of manual a n a l y s i s , i t i s hoped t h a t he w i l l a p p l y more of h i s creative energies and judgment t o a e s t h e t i c and environmental concerns. While c o n d i t i o n ( a ) above i s p r i m a r i l y a problem of a n a l y s i s , c o n d i t i o n ( b ) i s one of s y n t h e s i z i n g t h e s t r u c t u r e which s a t i s f i e s t h e given performance c r i t e r i a a t a minimum t o t a l c o s t . Today t h i s i s by f a r s t i l l mostly t r i a l and e r r o r procedure, t h a t i s , a s m a l l number of p o s s i b l e s o l u t i o n s a r e synthesized and analyzed f o r s a t i s f a c t o r y behavior, then the most suitable one i s s e l e c t e d . The r e s u l t i n g s t r u c t u r e w i l l perform t h e r e q u i r e d f u n c t i o n s a f e l y , but not n e c e s s a r i l y a t t h e minimum c o s t .
A highly e f f i c i e n t technique f o r s t r u c t u r a l o p t i m i z a t i o n therefore remains the goal of many researchers.
I d e a l l y , an o p t i m i z a t i o n technique f o r s t r u c t u r e s should be a computer-based procedure using as input a s e t of commands very s i m i l a r t o the existing analysis software, and another s e t s p e c i f y i n g t h e t h e d e s i g n requirements. The o u t p u t of t h i s t e c h n i q u e should be t h e optimum design p r e f e r a b l y i n p r i n t e d , p l o t t e d , and d r a f t e d form. No time-consuming p r e l i m i n a r y design by t h e e n g i n e e r should be r e q u i r e d . The e n g i n e e r may d e s i r e some i n t e r a c t i o n w i t h t h e computer t o a l l o w him t o study t h e e f f e c t of c h a n g e s i n t h e o v e r a l l c o n f i g u r a t i o n , b u t o t h e r w i s e , t h e p r o c e d u r e s h o u l d be f u l l y automated. Above a l l , t h e procedure must be economical, and b e t t e r y e t in a desktop computer i f the size of the s t r u c t u r e i s not a deterrent.
The c r i t e r i a f o r o p t i m a l i t y i s minimum cost, b o t h f o r d e s i g n and m a n u f a c t u r i n g . S t r u c t u r a l o p t i m i z a t i o n reduces t h e design c o s t due t o t h e e l i m i n a t i o n o f t h e manual t r i a l and e r r o r . The manufacturing c o s t i s a l s o reduced because i t i s n e a r l y p r o p o r t i o n a l t o t h e s t r u c t u r a l w e i g h t . I t i s t h e r e f o r e r e a s o n a b l e i n s t r u c t u r a l e n g i n e e r i n g t o assume t h a t m i n i m u m w e i g h t r e p r e s e n t s m i n i m u m c o s t as t h e c r i t e r i a f o r o p t i m a l i t y . T h i s a s s u m p t i o n i s v a l i d p r o v i d e d t h a t designs which would be u n u s u a l l y expensive t o manufacture a r e avoided. I t i s r e a l i z e d o f c o u r s e t h a t f o r c e r t a i n t y p e s o f s t r u c t u r e s , s u c h as a i r f r a m e s and l a n d i n g gears where a premium i s a t t a c h e d t o t h e weight, s t r u c t u r a l w e i g h t may a f f e c t t h e t o t a l c o s t and p e r f o r m a n c e v e r y d e c i s i v e l y . The l a n d i n g g e a r and i t s s u p p o r t s t r u c t u r e w e i g h f r o m 3-8% o f t h e a i r c r a f t weight.
Therefore on a t y p i c a l t r a n s p o r t a i r c r a f t , a 20% increase i n t h e l a n d i n g gear w e i g h t c o u l d c o s t 3-4,000 lbs. w e i g h t -t h e e q u i v a l e n t o f 20 passengers.
The m o t i v a t i o n o f t h e p r e s e n t e d p a p e r i s t o p r o v i d e t h e s t r u c t u r a l e n g i n e e r w i t h t o o l s o f o p t i m i z a t i o n techniques and p r a c t i c e s t h a t have been a p p l i e d successful l y t o l a n d i n g gears.
DESIGN PARAMETERS
I n 1964, t h e c o n c e p t o f a d e s i g n p a r a m e t e r h i e r a r c h y was o u t 1 i n e d b y S c h m i t and Ma1 l e t , [I]*. I n t h e i r v i e w , t h e h i e r a r c h y c o n s i s t e d o f :
1-Type o f s t r u c t u r e 2-General arrangement 3 -M a t e r i a l 4-Geometry o f t h e s t r u c t u r e
5-Size o f t h e elements A t one t i m e , i t seemed t h a t an a l g o r i t h m f o r s t r u c t u r a l o p t i m i z a t i o n c o u l d be d e v e l o p e d t o t r e a t a l l t h e above f i v e parameters as design v a r i a b l e s . However, a t t e m p t s t o i n c o r p o r a t e v a r i a b l e s f r o m t h e f i r s t t w o c a t e g o r i e s have been r a r e , and t h e f e w r e s u l t s a r e n o t o f much h e l p t o t h e p r a c t i c i n g e n g i n e e r . One s u c h example i s work done by M i c h e l l , [2], who proved t h a t t h e a b s o l u t e m i n i m u m w e i g h t d e s i g n f o r a s i m p l y -s u p p o r t e d beam w o u l d be as shown i n f i g u r e 1. I t i s hoped t h a t a r t i f i c i a l i n t e l l i g e n c e w i l l e v e n t u a l l y be u s e d t o o p t i m i z e f o r t h e f i r s t t w o c a t e g o r i e s .
T h i s may be a c h i e v e d through a h e u r i s t i c approach o f i d e n t i f y i n g t h e s t r a i n e n e r g y d e n s i t y o r s t r e s s d e n s i t y o f t h e s t r u c t u r e o f e a c h f i n i t e e l e m e n t t y p e a t e a c h 7 .
l o a d case.
* Square bracketed number r e f e r t o r e f e r e n c e s a t However, t h i s w i l l r e q u i r e a tremendous e f f o r t t o develop such a huge database. Schmit and M a l l e t i l l u s t r a t e d t h e concept o f design parameter h i e r a r c h y by u s i n g a three-bar t r u s s w h e r e t h e m e m b e r a r e a s , t h e m e m b e r d i r e c t i o n s and t h e member m a t e r i a l s w e r e a l l considered t o be design variables.
By i n c l u d i n g v a r i a b l e s f r o m c a t e g o r i e s 3, 4, and 5, t h e y i d e n t i f i e d t h e main problem t h a t a r i s e s when t o o many t y p e s o f d e s i g n p a r a m e t e r s a r e i n c l u d e d . G e n e r a l l y , t h e r a t e o f c o n v e r g e n c e i s much slower. I n t h e case of t h e t h r e e -b a r truss, over 100 design i t e r a t i o n s were r e q u i r e d t o achieve a reasonably accurate s o l u t i o n .
I n c o m p a r i s o n t o t h e w e a l t h o f e x p e r i e n c e w i t h e l e m e n t s i z e s i n s t r u c t u r a l o p t i m i z a t i o n , t h e experience w i t h t h e geometric o p t i m i z a t i o n o f s t r u c t u r e s i s s t i l l v e r y l i m i t e d , [3,4]. This i s due t o t h e f a c t t h a t t r u e geometric o p t i m i z a t i o n r e q u i r e s t h e d i f f e r e n t i a t i o n o f t h e s t r u c t u r a l m a t r i c e s w i t h r e s p e c t t o t h e n o d a l c o o r d i n a t e v e c t o r .
D e v e l o p m e n t o f a g e n e r a l p u r p o s e g e o m e t r i c o p t i m i z a t i o n s o f t w a r e t h a t can be e c o n o m i c a l l y u s e d i s p r e s e n t l y q u e s t i o n a b l e . [5, 6, 7, 81 .
Therefore, research i n t o s t r u c t u r a l o p t i m i z a t i o n h a s t e n d e d t o c e n t e r o n t h e l a s t d e s i g n p a r a m e t e r s , i.e., t h e s i z e o f e l e m e n t s . T h i s a p p r o a c h has been e x t r e m e l y s u c c e s s f u l w i t h an a p p r e c i a b l e w e i g h t s a v i n g -o f u p t o 40% i n j u s t a b o u t 4 t o 6 d e s i g n c y c l e s f o r m o s t s t r u c t u r e s

STRUCTURAL OPT1 M IZATION METHODS I t i s r e a l i z e d t h a t d e s c r i b i n g t h e many o p t i m i z a t i o n a l g o r i t h m s i s beyond t h e scope o f
t h e presented work. Many books have been w r i t t e n t o t h i s p r e s e n t s u b j e c t . One o f t h e b e s t books t h a t has been w r i t t e n by Fox, [9] , i n 1971, l a y s t h e ground work f o r s t r u c t u r a l o p t i m i z a t i o n , and r e m a i n s a p i o n e e r i n g w o r k f o r i n t r o d u c i n g t h i s subject. L a t e r , papers were pub1 i s h e d by Venkayya
[lo], and S c h m i t , [ll], t h a t s u m m a r i z e d t h e s t a t e m e n t and t h e s o l u t i o n t e c h n i q u e s o f t h e s t r u c t u r a l o p t i m i z a t i o n problem.
The d e s i g n v a r i a b l e s a r e d e f i n e d a s t h o s e q u a n t i t i e s t h a t a r e changed d u r i n g t h e i t e r a t i v e p r o c e d u r e w h i c h seeks an optimum. These N r e a l numbers a r e c o n v e n i e n t l y w r i t t e n a s an N X 1 v e c t o r o f t h e d e s i g n v a r i a b l e D. R e c o g n i z i n g
The search f o r the optimum must be carried out in an N-dimensional design space popiilated by barriers, which quantify the applied contraintr, Because e n g i n e e r s usual "iy r e s u l t s by s a y i n g s u c h s t r e s s e s a r e too high, the and t h e deflection i s t o o i s too low; t h i s ~u g g e s aerformance can be formulated as M f~~n c t i o n a l i n e q u a l i t i e s :
The mathematical rsrogramma'ng m e t h o d s , g e n e r a l l y c a l l e d t h e '"search" o r t h e " d i r e c t "
y definition, can be a n y landing o r a t a g e a r s h a s g r o i n t r o d u c t i o n o f s k i d s o f t h e Biplane. During World War I , a i r c r a f t s had shock absorbing landing gears, which used rubber r i n g s around t h e a x l e s where t h e y a t t a c h e d t o t h e s u p p o r t s t r u t s .
O l e o p n e u m a t i c shock absorbing s t r u t s were in use by 1918. The narne Oleopneumatic r e f e r s t o the use of the a j r c r a f t h y d r a u l i c o i l i n c o m b i n a t i o n w i t h a i r . R e t r a c t a b l e l a n d i n g g e a r s w e r e g e n e r a l l y i n t r o d u c e d i n t h e e a r l y 19301s, Since t h a t t i m e , l a n d i n g g e a r s have become more and more complex, p r i m a r i l y because of t h e increased demands imposed upon them. As an example, t h e Lockheed C-5A presented a major c h a l l e n g e f o r the design of i t s landing gears t h a t supports a weight of 732,500 Ib. This requires many wheels and r e l a t i v e l y low t i r e pressure.
Furthermore, drag r e q u i r e m e n t s precluded large landing gear pods, t h e r e f o r e complex r e t r a c t i o n mechanisms were developed t o stow the huge gear in a low-drag envelope. Obviously the weight of such a landing gear combined with i t s s t r u c t u r a l inteqri t y represented a major design chal lenge,
As
d f the cantilever a n t ' i l e v e r c o n f i q u r a t i s n 1 o p e r a t e S n a t e l e s c o p e a c t i o n of a p i s t o n -a x l e nent inside a cylinder andlor housi t assembly type i s of course n c a n t i l e v e r s t r u c t u r e a s t h e r r e a c t i o n t o S i r e l w h e e l t r a n s v e r s e loading. The brace being e i t h e r a s r p a r a t e t r u s s member o r integral with the hou
f o r i l l v s t r a t i o n s of t h e c t y p e o f I a r t d j n g g e a r I t e r a t -i v e i n g a t u r e , Among t h e f a c t o r s t h a t govern the design of a landing ge r a r e the load p a t h s , t h e d e g r e e o f i n d e t e r m i n a c y o f t h e s t r u c t u r e , a n d t h e m a t e r i a l s e l e c t f o n , S t r u c t u r a l indeterminacy and load paths a r e i n t e r t w i n e d i n t h a t one u s u a l l y l e a d s t o t h e o t h e r , An i n d e t e r m i n a t e s t r u c t u r e i s one i which t h e r e i s more than one path f o r a l o a d t o take,
The load paths of a landing g e a r a r e g e n e r a l l y a f u n c t i o n o f t h e f o l l o w i n g two f a c t o r s :
1 -R e l a t i v e s t i f f n e s s o f t h e s t r u c t u r a l components, i.e. t h e s t i f f e r component reacting proportionately more load than the l e s s s t i f f component. 2-The socketing action between the d i f f e r e n t components such a s t h e p i s t o n movement i n s i d e t h e c y l i n d e r which i s socketed inside the housing. Another i m p o r t a n t f a c t o r i n t h e d e s i g n of a l a n d i n g g e a r i s t h e number of l o a d i n g c a s e s , perhaps a s many a s 20, t h a t have t o be examined.
The a n a l y s i s of t h a t many l o a d cases, even f o r a s i m p l e d e s i g n , can be a v e r y t i m e -c o n s u m i n g p r o c e s s . R e a l i z i n g t h i s p o i n t , and a t t h e same t i m e e m p h a s i z i n g t h e i m p o r t a n c e o f i t s s t r u c t u r a l weight demonstrates t h e r e a l b e n e f i t s o f i n t r o d u c i n g s t r u c t u r a l o p t i m i z a i t o n as a d e s i g n t o o l . Among t h e i m m e d i a t e a d v a n t a g e s t h a t f o l l o w t h e use o f s t r u c t u r a l o p t i m i z a t i o n a r e t h e f o l l o w i n g :
1 -W i t h a s o f t w a r e s u c h a s STARSTRUC t h a t can handle m u l t i p l e s t a t i c , s t a b i l i t y , and v i b r a t i o n c o n s t r a i n t s s i m u l t a n e o u s l y , t h e design engineer can use these f e a t u r e s t o produce more r e 1 i a b l e s t r u c t u r e s .
2 -W i t h t h e d e s i g n e n g i n e e r f r e e d f r o m t h e guess w o r k o f t h e t r i a l and e r r o r , he can c o n c e n t r a t e on more c r e a t i v e i d e a s s u c h as s i m p l i f y i n g t h e l o a d p a t h o r e x a m i n i n g t h e e f f e c t s o f d i f f e r e n t m a t e r i a l s e l e c t i o n s .
3-The a b i l i t y t o d e v e l o p more c o m p l e x f i n i t e e l e m e n t m o d e l s t o o b t a i n more a c c u r a t e r e s u l t s such as expanding t h e model f r o m s i m p l e beam t y p e model t o a model t h a t i n c l u d e s s h e l l o r s o l i d elements. NUMERICAL EXAMPLES I n t h i s s e c t i o n , e x a m p l e s a r e p r e s e n t e d t o demonstrate t h e e f f i c i e n c y and g e n e r a l i t y of t h e approach used i n t h e presented program.
EXAMPLE 1 -T h i s e x a m p l e r e p r e s e n t s a s i m p l i f i e d 2-dimensional l a n d i n g gear as shown i n fSmll-e y Y 1 3. Thts s i m p l e mode? i s s e l e c t e d as ; t e s t p r o b l e m , t h a t c a n be c h e c k e d b y hand c a l c u l a t i o n s , 4 -F o u r t h d e s i g n v a r i a b l e i s a r e c t a n g u l a r s e c t i o n w i t h d i m e n s i o n .5 X 3. in., f o r beam number 5. Two d e s i g n c a s e s a r e p r e s e n t e d and t h e s e a r e : 1-Case A: A l l e l e m e n t s a r e made o f s t e e l a l l o y w i t h t h e f o l l o w i n g data: -Modulus o f e l a s t i c i t y = 29E6 p s i -Density = ,283 l b / i n 3 -A l l o w a b l e s t r e s s = 100 k s i 2-Case B: M a t e r i a l o f t h e d r a g b r a c e , e l e m e n t number 5 i s changed t o Aluminum a l l o y w i t h t h e f o l l o w i n g data: -Modulus o f e l a s t i c i t y = 10E6 p s i -D e n s i t y = 0.1 1b/in3 -A l l o w a b l e s t r e s s = 50 k s i Both cases converged i n one i t e r a t i o n w i t h a w e i g h t savings of 34% as shown i n Table 1. I t i s i n t e r e s t i n g t o n o t e t h a t i n i t i a l l y , t h e c r i t i c a l b u c k l i n g l o a d f o r t h e d r a g b r a c e i s much l o w e r t.han t h e a1 Jowable stress.
due t o t h e f a c t t h e t h i s i s t h e f i r s t t i m e an o p t i m i z a t i o n a l g o r i t h m i s a
Therefore, STARSTRUC designed t h i s element f a r l o c a l buckling. EXAMPLE 2 -T h i s e x a m p l e r e p r e s e n t s a n i d e a l i z e d d r a g brace w i t h geometry and l o a d i n g as shown i n f i g u r e 4, and m o d e l l e d w i t h 44 f l a t s h e l l elements. S i x design v a r i a b l e s a r e used t o r e p r e s e n t t h e s i x p l a t e t h i c k n e s s e s as shown i n f i g u r e 4. The o b j e c t i v e o f t h i s e x a m p l e i s t o a c h i e v e t h e m i n i m u m w e i g h t o f t h e f o l l o w i n g proposed c o n f i g u r a t i o n s :
1. Case A: No C u t o u t s 2. Case B: One Cutout: Elements 20, 21, 24 and 25 a r e e l i m i n a t e d . 3. Case C: Three C u t o u t s : E l e m e n t s 8, 9, 12, 13, 20, 21, 24, 25, 32, 33, 36 , and 37 a r e e l i m i n a t e d . 4. Case D: One B i g C u t o u t : E l e m e n t s 8, 9, 12, 13, 16, 17, 20, 21, 24, 25 28, 29, 32, 33, 36 , and 37 a r e e l i m i n a t e d . The above f o u r c a s e s a r e o p t i m i z e d w i t h s t r e s s a n d b u c k l i n g c o n s t r a i n t s w i t h t h e f o l l o w i n g design data:
1 -I n i t i a l t h i c k n e s s o f a l l s i x d e s i g n v a r i a b l e s = .25 i n . This demonstrates t h e a c c u r a c y o f t h e p r e s e n t e d approach. The r e s u l t s o f o p t i m i z e d c o n f i g u r a t i o n s a r e shown i n Table 2. I t i s i n t e r e s t i n g t o n o t e t h a t i n a l l f o u r c o n f i g u r a t i o n s , STARSTRUC t a k e s t w o d e s i g n i t e r a t i o n s t o c o n v e r g e t o t h e m i n i m u m w e i g h t d e s i g n . T h i s d e m o n s t r a t e s t h e e f f i c i e n c y o f t h e presented o p t i m i z a t i o n a l g o r i t h m . T h i s example can a l s o be c o n s i d e r e d as a way o f h a n d 1 i n g g e o m e t r i c o p t i m i z a t i o n w h e r e t h e d e s i g n e n g i n e e r c a n c h a n g e t h e g e o m e t r y o f t h e s t r u c t u r e , and t h e n o p t i m i z e each c o n f i g u r a t i o n , I n t h i s c a s e , t h e e x p e r i e n c e o f t h e d e s i g n e n g i n e e r c o u p l e d w i t h t h e p r e s e n t e d approach can l e a d t o t h e b e s t c o n f i g u r a t i o n . CONCLUSIONS T h i s p a p e r i s a n a t t e m p t t o p r o v i d e t h e d e s i g n e n g i n e e r s w i t h b a s i c u n d e r s t a n d i n g a n d c o n f i d e n c e o f t h i s v a l u a b l e t o o l o f s t r u c t u r a l o p t i m i z a t i o n . STARSTRUC has been used w i t h t h e o b v i o u s r e s u l t s o f m a t e r i a l s a v i n g s on c r i t i c a l c o m p o n e n t s s u c h a s t h e i a n d i n g g e a r s . F u r t h e r m o r e , w i t h s u c h a t o o l t h e d e s i g n e n g i n e e r d o e s n o t h a v e t o s p e n d v a l u a b l e e n g i n e e r i n g t i m e p e r f o r m i n g t r i a l a n d e r r o r p r o c e d u r e o f t h e f i n l ' t e e l e m e n t m e t h o d o f a n a l y s i s .
The u n d e r s t a n d i n g o f t h e u p p e r and m i d d l e management o f t h i s t o o l a n d i t s b e n e f i t s i s c r u c i a l t o e x p a n d i n g t h e u s a g e o f s t r u c t u r a l o p t i m i z a t i o n e s p e c i a l l y i n t h e a i r c r a f t i n d u s t r y w h e r e i t i s n e e d e d t h e m o s t .
I t i s e x p e c t e d t h a t s t r u c t u r a l o p t i m i z a t i o n w i l l become a s t a n d a r d p r o c e d u r e i n t h e d e s i g n process. Next, s t r u c t u r a l o p t i m i z a t i o n s h o u l d be i n t e g r a t e d w i t h t h e o t h e r e x i s t i n g t o o l s o f t h e d e s i g n p r o c e s s w i t h t h e p u r p o s e o f i n c r e a s i n g t h e
e f f i c i e n c y of t h e w h o l e e n g i n e e r i n g i n d u s t r i e s .
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